The hypocapnic alkalaemia and hypoxaemia resulting from hyperventilation may contribute to the cerebral impairment in Rett syndrome. Since the hyperventilation is 'primary', and not secondary to preceding apnoea, it is potentially treatable. Further studies will determine if treatment is practical and of benefit.
grounds alone. To allow valid comparisons among cases from different centres we have defined precisely what we mean by 'classic Rett syndrome' and have indicated any cases in the series who do not have all the classic features. 7 In this study a classic case of Rett syndrome met all the following criteria:
(1) -There were no serious complications during pregnancy, birth, or the neonatal period, and the girl conformed to accepted standards for psychomotor development during the first 4 months; (2) the occipitofrontal head circumference was within or close to the normal range at birth and increased at a normal rate for at least the first four months, but suboptimal growth occurred later in childhood; (3) there was subtle evidence of slowing in psychomotor development in the first year, failure to use the hands properly after the first 12 months, and failure to develop speech beyond single utterances; (4) there was otherwise unexplained loss of skills in the use of hands and speech between the ages of nine and 30 months associated with social withdrawal and deterioration in non-verbal communication; and (5) characteristic repetitive hand movements developed, consisting of simple hand wringing or squeezing, clapping or tapping, and washing or rubbing. Following this regression, lack of postural control developed, often with involuntary movements, the use of hands deteriorated and became uncoordinated, and the child had no useful speech although non-verbal communication improved.
In addition the child had a profound and essentially static mental handicap with no other obvious cause, and was prone to sudden spells of agitated behaviour including panic, laughter, or altered respiration. There were no dysmorphic features.
Other features of Rett syndrome are cold, small, and slim hands and feet, epileptic seizures and nonepileptic absences often preceded by hyperventilation, gaseous abdominal distension, wasting, progressively increasing tone (especially in the lower limbs), progressive scoliosis, and deformity of the feet and ankles.
Only four of our 18 patients had atypical features; case 9, aged 6 years, had a greater than usual (although still poor) ability to speak and use her hands. For the last three years she had undergone a programme of stimulation, teaching, and exercises for five hours a day, six days a week. The mother of case 10 had a history of infertility, and had had hormone treatment for a threatened abortion at 11 weeks' gestation. Polyhydramnios was present in the third trimester. In cases 15 and 18, stereotypic hand movements had virtually disappeared by the time of this study.
The control subjects underwent single long term tape recordings (awake and asleep) of oxygen saturation, arterial pulse waveforms, expired carbon dioxide, and abdominal breathing movements using the equipment described below (mean duration 9*7 hours, range 6-12-5) .
To 42°C . Constants (according to the method of Hazinski and Severinghaus8) were applied to compensate for increased skin temperature and for skin carbon dioxide production (gain 0 79, offset -3 mm Hg). The sensor was taped on to the skin of the upper chest wall.
Beat to beat arterial oxygen saturation,9 the arterial pulse waveforms from which this was calculated, and an electrocardiogram were obtained from a modified pulse oximeter (Nellcor Respox 2). The oxygen sensor was placed on the toe and electrocardiographic electrodes in the lead II position. Breathing movements were detected in all patients with Rett syndrome using respiratory inductance plethysmography (Respitrace, Studley Data Systems), either from a vest (P K Morgan) encompassing the whole of the chest wall or from two separate bands placed at the levels of the nipples and umbilicus. In two cases abdominal breathing movements were also detected from a pressure capsule transducer (Graseby, MR10). In 10 of the 23 controls, breathing movements were recorded from a pressure capsule alone and in 13 from both pressure capsule and inductance plethysmography. Recordings of airflow integrated to volume change were obtained from a close fitting face mask and a Fleisch size 2 pneumotachograph (Spectramed). Calibration signals of 60 ml were obtained using a purpose built syringe. (range of longest pause/recording 8-19 seconds, median 14) but these pauses were not accompanied by Valsalva manoeuvres.12
The patients were divided into three groups according to the results of their recordings and the clinical histories (table 1) .
There were 10 patients in group 1, with an average age of 9-3 years. When awake they all had long periods of hyperventilation. fig 1) .
During periods of hyperventilation the children seemed agitated with increased hand movements, dilated pupils, increased heart rates, rocking body movements, and increased muscle tone. They breathed through wide open mouths, ribcage excursions were greater than abdominal excursions, and accessory muscles of respiration were used. In some hyperventilation occurred almost continuously while they were awake, and in others it was interrupted by periods of normal breathing. During these latter periods the children remained awake but slightly drowsy. In some cases hyperventilation was clinically obvious. In others (for example case 4) it was only indicated by end tidal and transcutaneous carbon dioxide measurements. Though case 3 had fig 2, and   fig 3) . These prolonged pauses were not induced by seizure activity as shown by surface electroencephalography recordings (fig 3) except on one occasion (case 9). Most of these pauses contained a Valsalva manoeuvrel2 during which the large inspiratory airflow associated with hyperventilation was followed at the end of inspiration by active expiratory muscle activity but no expiratory flow. After a variable period of time, during which portions of the gas within the lungs were often expired with a 'cry like' sound through a partially closed glottis, there was sudden expiratory release of the remaining gas (fig 2) . This was followed by another inspiratory effort with inspiratory airflow and the beginning of a new bout of hyperventilation. During periods of normal ventilation, particularly when asleep, such 'apnoeaNValsalva' manouevres were not seen.
During prolonged apnoeic periods, oxygen saturation often dropped (table 2, fig 2, and fig 3) though there was usually a considerable delay before the level fell below 90%. Sometimes this hypoxaemia was associated with central cyanosis and a transient lack of awareness. None of the children were hypoxaemic at the onset of a change from normal breathing to hyperventilation (fig 4) . The prolonged apnoeic pauses were a consequence of the hyperventilation not the reverse.
All 10 patients with hyperventilation had apnoeic pauses of 320 seconds ( There were four patients in group 3 with an average age of 8-3 years. Three of these patients had no previous history of hyperventilation, and in one the description was unconvincing. All but case 17 had apnoea/Valsalva events when awake but these episodes were much less frequent than those present in patterns in group 2. None had apnoeic pauses exceeding 19 seconds.
Two further breathing patterns were identified: firstly, episodes of periodic apnoea were seen in 15 of the 23 (65%) controls (durations 0.05 to 0 75 minutes/hour of recording: median duration of those with periodic apnoea 0.13 minutes/hour). Only one of the 18 patients with Rett syndrome (case 13) had no periodic apnoea. All the remaining patients had larger quantities than the controls (1-7 to 5641 minutes/hour: median 11-3 minutes/hour). Cases 1-10 with hyperventilation had values for periodic apnoea varying from 1*7 to 56-1 (median 12-4) minutes/hour. Cases 11-14 who had past histories of hyperventilation, had values for periodic apnoea varying from 0 to 35-2 (median 14.5) minutes/hour.
The values of periodic apnoea for cases 15-18 varied from 2-0 to 4*5 (median 3-4 minutes/hour).
The second pattern was exemplified by case 10 who had brief episodes of hypoxaemia during which breathing movements and airflow continued. None of these episodes included the abnormal inspiratory waveforms typical of upper airway obstruction documented in case 2; this pattern of breathing and hypoxaemia was not found in the controls.
Discussion
Abnormal hyperventilation, with consequent hypocapneic alkalaemia present only during active wakefulness, was the major respiratory abnormality that we found in this group of children with Rett syndrome. We found hyperventilation in 56% of patients, and in an additional 22% (generally older children) there was a history suggesting it. We do not have an adequate explanation for the hyperventilation of Rett syndrome. Because it does not occur during sleep we speculate that it is likely to result from excessive stimulation of the respiratory control centres in the brain stem or from abnormally reduced higher centre inhibition.16-8 Hypoxaemia did not precede the change from normal breathing to hyperventilation and therefore cannot be the primary cause of the hyperventilation.
Three other patterns of breathing were identified in our patients. The first and most common was a prolonged absence of inspiratory efforts (¢20 seconds), and was first described by Lugaresi et al. 4 In our patients prolonged apnoeic pauses invariably occurred immediately after an episode of hyperventilation and therefore only when they were awake. In the four patients who did not have hyperventilation but did have history of it (group 2), prolonged pauses also occurred only when they were awake. The onset of hypoxaemia occurring during prolonged apnoeic pauses was comparatively delayed, possibly because large stores of oxygen were present in the lungs as a result of the hyperventilation. Most of the prolonged apnoeic pauses included a Valsalva manoeuvre.12 The stimulus to breathe in and terminate the prolonged apnoea was probably associated with an increase in carbon dioxide, and sometimes with hypoxaemia. Hyperventilation in healthy human adult subjects does not result in a prolonged absence of inspiratory efforts; this response has been described only when there was diffuse disease of the forebrain,'6 or when the subject was anaesthetised or heavily sedated.17 In case 9 a clinical seizure occurred during hyperventilation and was associated with a prolonged absence of inspiratory efforts.
The second pattern, periodic apnoea," occurred in both patients and controls. In all but one of the patients with Rett syndrome, values exceeded those in the control group (table 2) by ratios of 2:1 to 75:1. Increases were particularly noticeable in patients with hyperventilation or with a history of hyperventilation. Some of these increases in periodic apnoea undoubtedly reflected the apnoea/Valsalva manoeuvres that frequently occurred in succession. Sometimes the intervening episodes of apnoea were associated with hypoxaemia. Cheyne-Stokes breathing (a form of periodic apnoea) has previously been described in association with hyperventilation by Brown and Plum.19 The third pattern, that of continued inspiratory efforts and inspiratory airflow but with accompanying hypoxaemia, was found in one patient (case 10 trations, decreased plasma bicarbonate concentrations, and lactate concentrations at the upper limit of normal were identified during hyperventilation in our patients (table 3) .
Hyperventilation produces not only vasoconstriction in the skin but, of more importance, in the cerebral circulation.27 Moreover, alkalaemia induces a leftward shift in the oxygen dissociation curve, and theoretically may impair the unloading of oxygen to the cerebral tissues. In combination with the extracellular alkalaemia, 2 these effects may also increase cerebral lactic acid concentrations. The abrupt and extreme changes in cerebral blood flow that accompany sudden changes in carbon dioxide concentrations between being awake and being asleep may adversely affect cerebral perfusion. Together with the hypoxaemia accompanying abnormal apnoeic episodes, these mechanisms may contribute to the development of the cerebral impairment that has been reported in Rett syndrome.31 32 Further studies of changes in cerebral blood flow in children with Rett syndrome and hyperventilation are indicated.
Sudden unexpected death has been reported in Rett syndrome. 3 Two of the 19 children referred to in our original papers of 1985 and 19862 3 have since died suddenly and unexpectedly aged 11 and 16 years. The known effects of disturbances of pH and ionised calcium on cardiac muscle excitability, [22] [23] [24] and the propensity of hypocapnia to reduce coronary artery perfusion34 may be important in some cases.35 One further danger was seen in case 9 in which hyperventilation seems to have led to inhibition of inspiratory drive induced by seizure and resulting in prolonged and severe hypoxaemia.
Because severe and persistent hyperventilation could contribute to deterioration of central and peripheral neurological function in Rett syndrome it seems wise to detect and treat this component of the syndrome early in life. Monitoring of end tidal/ transcutaneous carbon dioxide can be done by noninvasive and comparatively straightforward techniques that could be applied to infants or young children presenting with developmental delay of unknown cause. Clinical observations alone are unreliable in the diagnosis of hyperventilation; this difficulty has been well described in adults with the hyperventilation syndrome where only occasional breaths of large tidal volume may be needed to maintain severe hypocapnia. 36 In conclusion, hyperventilation is an important feature of Rett syndrome and its respiratory, neurophysiological, biochemical, and vascular consequences may contribute to the characteristic features of the syndrome. Further studies are required to determine whether correcting the hyperventilation will benefit patients with Rett syndrome. Hyperventilation appears to be the cause rather than the result of hypoxaemia. 
